The amino acid composition, behaviour in SDS-polyacrylamide gel electrophoresis and electrophoretic patterns of cyanogen bromide peptides were studied for the protein subunits of different preparations of potato virus X (PVX). The results indicate that the protein subunits of PVX can be partially degraded in the intact virus at the N-terminus by reducing agent-dependent proteases in crude plant sap and by trypsin, and at the C-terminus by reducing agent-independent proteases occurring in some virus preparations.
INTRODUCTION
Studies on the size of the protein subunit of potato virus X (PVX) and its in situ degradation products in many laboratories have yielded complex and sometimes conflicting results. Using the sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) technique of Shapiro, Vinuela & Maizel (I967) several authors (Koenig et al. 197o; Shepard & Secor, I972; Tremaine & Agrawal, i972 ) calculated molecular weights of about 29ooo for the undegraded capsid protein (PVX-P,) of PVX. Slightly larger (3I 5oo) or smaller (27000) values were reported by Lesnaw & Reichmann (I97O) and Tung & Knight (I972) . The molecular weights of PVX-P~ calculated by this method are probably too large because PVX-P, behaves anomalously in SDS-PAGE; its migration rate relative to the migration rates of marker proteins decreases with decreasing polyacrylamide concentration (Koenig, I972) . Koenig et al. (I97o) found that incubation of PVX in crude plant sap during purification or incubation of purified virus in trypsin (EC. 3.4.4.4) led to the formation of capsid proteins PVX-Pf and PVX-Ptd, respectively. These proteins behave normally in SDS-PAGE, and a mol. wt. of about 24000 was calculated for both of them (Koenig, 1972) . The limited in situ proteolysis of PVX protein by trypsin was confirmed by Tung & Knight (1972) , Tremaine & Agrawal (i972) and Shepard & Secor (1972) . Studies by Tung & Knight (I972) and Tremaine & Agrawal (i972) indicated that trypsin cleaved a single peptide from the N-terminus of PYX-protein. Conversion of PVX-P~ to PVX-Pf in virus kept in prolonged contact with plant sap was also observed by Shepard & Secor (I972) ; Tremaine & Agrawal 0972 ) observed this phenomenon once but could not reproduce it.
Tung & Knight 0972) observed an in situ limited proteolysis of PVX-P~ on incubation of some virus preparations at 37 °C. From their data it is evident that the product of this proteolysis possessed the peptide cleaved by trypsin but lacked others presumably from the C-terminus of the protein. This proteolysis was mediated by a plant protease contaminant in some virus preparations.
In the present study we found that the reproducible conversion of PVX-P~ to PVX-P~ is dependent on the presence of reducing agents in the crude plant sap. The action of this reducing agent-dependent (rd) plant protease on PVX-P~ is similar to that of trypsin. We also observed a reducing agent independent (ri) proteolysis of PVX protein in some virus preparations.
METHODS
Viruses and purification. Amino acid compositions were determined on a Montana isolate of PVX. All other experiments were done both with this isolate and with a German isolate of PVX (X-CSAg). The peptide patterns obtained after cyanogen bromide (CNBr) cleavage and the electrophoretic behaviour of the products of capsid degradation were identical for both virus isolates. The viruses were propagated in Nicotiana tabaeum cv. Samsun, White Burley or Xanthi-nc. Purified preparations were obtained either by the ether-carbon tetrachloride method (Wetter, 196o) or a silver nitrate-polyethylene glycol method. Infected leaf material (IOO g) was homogenized with 25 ml o'5 M-borate buffer, pH 7"8. The pH of the plant sap expressed from the homogenate was between 5'5 and 6"5. In order to obtain maximal yields of virus containing PVX-P~ the pH had to be adjusted to 5"5. In early experiments, 1% ascorbic acid and 1% sodium sulphite were included in the extraction buffer; in later experiments they were added to the expressed plant sap. Either immediately or after incubation at room temperature for varying lengths of time up to one week, the plant sap was clarified by centrifugation for 2o min at 5ooo g and subsequent addition of o'5 % silver nitrate solution to the supernatant 05 ml/ioo ml). After settling at room temperature for 3 h, the mixture was centrifuged for 2o min at 5ooo g. To each Ioo ml of supernatant we added 25 ml of a 2o % (w/v) polyethylene glycol 6ooo solution in o'5 M-borate buffer, pH 7"8. After I6 h at 4 °C the precipitate was collected by centrifugation for 3o min at 6ooo g. To obtain good yields of virus containing PVX-P,, the use of o'oo5 M-phosphate buffer, pH 8.o, as a solvent was essential at this stage especially with the German isolate; o'5 M-borate buffer, pH 8.o, was suitable for virus containing either PVX-Po or both proteins. Virus was further purified by three cycles of differential centrifugation. Treatment of virus with trypsin (2 #g enzyme per mg virus) was done in 0-2 M-tris-HCl buffer at pH 8 for I h at 37 °C. The tryptic peptide and the degraded virus were separated by ultracentrifugation.
Polyacrylamide gel electrophoresis. Virus proteins were identified by their electrophoretic behaviour in 5 % polyacrylamide gels in the presence of o-I % SDS as described by Koenig et al. 097o) . The normal or anomalous behaviour of the proteins was checked by running electrophoreses at different gel concentrations (Koenig, I972) . The proportion of N, N'-methylene bisacrylamide was 5 % at all gel concentrations.
Capsid proteins, isolated by the method of Darnirdagh & Shepherd 0 97o), were treated with CNBr by the method of Miki & Oshima (1972) -CNBr peptides were electrophoresed in a Pantaphor Apparatus (Labor-Mfiller, Hannoversch-Mtinden, W. Germany) in 8 M-ureapolyacrylamide gel slabs (usually I2-5 % polyacrylamide, cross-linkage 9:0 using 0"05 Msodium formate, pH 3"o, as buffer. The gels were polymerized at 4o °C. Preparative separations of the peptides were also done in the Pantaphor apparatus with gels 6 turn thick. The urea was omitted in these separations and o'o5 M-ammonium formate buffer at pH 3"o was used instead of sodium formate buffer. After the electrophoresis, small marginal portions of the gel were stained with Coomassie blue to locate the peptides on the unstained parts of the gel slab. After elution from the crushed gel, the peptides were lyophilized, dissolved in a small amount ofo'o5 M-ammonium formate buffer at pH 3.0 and applied to a 1.6 × 80 cm Sephadex G25 column which was equilibrated with the same buffer. Gel filtration was done to remove possible contaminants eluted from the polyacrylamide. Fractions of 2 ml were collected from the columns at IO min intervals; they were lyophilized and samples were checked for the presence of peptides by electrophoresis.
Amino acid analyses. After dissolving lyophilized capsid protein in I2 N-HCt, samples were placed in hydrolysis tubes and an equal volume of distilled water was added. The tubes were evacuated, sealed, and placed in an oven at Io7 °C for 24 and 72 h. Lyophilized CNBr peptides were hydrolysed for 24 h. After hydrolysis the samples were analysed in a Beckman amino acid analyser. For cysteine determinations, separate virus protein samples were oxidized with performic acid before hydrolysis for 24 h.
RESULTS

In situ conversion of PVX-P~ to PVX-Pf by reducing agent-dependent (rd) protease
Virus was purified from samples of plant sap treated in different ways and the protein composition of each virus preparation was determined in SDS-PAGE. When the time interval between homogenization of the leaf material and clarification of the plant sap was brief, virus preparations contained only one protein, PVX-P, However, increasing amounts of a faster moving protein component, PVX-P, and decreasing amounts of PVX-P~ were found in PVX preparations obtained when the time interval between homogenization and clarification was increased, provided that reducing agents were added to the homogenate and its pH was adjusted to 5"5. The conversion of PVX-Ps to PVX-Pf did not occur at either pH 4"5 or 6"5. Optimal results were obtained by adding ascorbic acid and sodium sutphite (1%, w/v) to the plant sap~ these reagents are used routinely in the ether-carbon tetrachloride purification method of Wetter (I96o). Conversion also occurred when these reagents were used separately or when sodium bisulphite, 2-mercaptoethanol or Cleland's reagent were employed; but the yields of virus containing PVX-P~ were usually lower.
The length of the incubation period which was necessary for complete conversion to take place varied in experiments done at different times of the year. In some experiments incubation of the plant sap overnight was already sufficient, but in others more than a week was necessary. We therefore tested whether addition of other substances increased the rate of conversion and stabilized the product. Bercks (I95O) found that glycerol preserved viruses in plant sap. The addition of Io% glycerol to the reducing agents also increased the conversion of PVX-Ps to PVX-P~. Suspecting that glycerol might serve as a nutrient for microorganisms, some mono-and disaccharides, starch and amino acids were tried. Only IO % glucose further enhanced the conversion of PVX-Ps to PVX-P~. The greatest rate of conversion occurred in Io% glycerol, to% glucose, o'5% sodium azide, 1% ascorbic acid and 1% sodium sulphite at pH 5"5. With these additives, complete conversion to PVX-P~ was reliably achieved after about I week of incubation at room temperature. The additives were effective with plant sap from infected Nicotiana tabacum cv. Samsun, White Burley and Xanthi-nc.
As micro-organisms are unlikely to multiply in o.5% sodium azide, the rd protease system is probably of plant origin. An inhibition of polyphenoloxidase systems is probably not involved in its activation, because reducing agents could not be replaced by o.o I M-sodium diethyl dithiocarbamate. Conversion of PVX-P~ to PVX-P, did not occur when reducing agents, glucose, glycerol and sodium azide, were added to purified virus preparations.
In situ conversion of PVX-Ps and P VX-Pf by protease in virus preparations
The protein composition of some preparations containing PVX-Ps or PVX-P~ did not change on storage at 4 °C or incubation at 25 °C. Treatment of preparations containing PVX-P, with trypsin yielded a single protein, PVX-Ptd, which migrated at about the same rate as PVX-Pf in SDS-PAGE. However, after storage at 4 °C for I to 3 months, or at room temperature for I to 2 weeks, other PVX preparations-which originally had contained only PVX-P, and PVX-P~-now yielded two additional protein bands in SDS PAGE. The molecular weights of these proteins were calculated from 7"5 % gels by the method of Shapiro et al. (I967) and they were named PVX-P~ for the protein with an intermediate migration speed (mol. wt. 27000 ) and PVX-P, for that with the fastest migration speed (mol. wt. 23 ooo). The content of PVX-Pi and PVX-Pu in those preparations increased slowly on further storage at 4 °C but more rapidly on incubation at 25 °C. This proteolysis was not dependent on reducing agents or inhibited by o. 1% sodium azide. It was probably mediated by a reducing agent-independent (ri) protease of plant origin. Tung & Knight (1972) found a similar protease in some PVX preparations.
Two of the preparations containing ri protease were incubated with trypsin at 25 °C. After this treatment the major protein component was PVX-P,; PVX-P~ and PVX-PI had disappeared and only a trace amount of PVX-P~ (or PVX-Ptd) was observed. Examination of these preparations in a Philips EM 2oo electron microscope after staining with z % sodium phosphotungstate showed intact PVX particles.
Normal and anomalous behaviour of PVX proteins in SDS-PAGE
The mobilities of PVX-Ps, PVX-P, PVX-P~, PVX-Ptd and PVX-Pu and of the protein standards relative to the mobility of myoglobin in I, 2"5, 3"5, 5, 7"5 and Io% gels were determined. Hedrick & Smith (I968) plots of the logarithm of the relative mobilities of PVX-P,, PVX-Pfd and PVX-Pu, and the protein standards, gave straight lines which extrapolated to a common intercept of I'O at zero gel concentration. However, plots of the logarithm of the relative mobilities of PVX-P~ and PVX-P~ extrapolated to intercepts of o'93 and o'96, respectively. These results demonstrated that PVX-P~, PVX-P~d and PVX-Pu behaved normally, but PVX-P, and PVX-Pj behaved anomalously, in SDS-PAGE.
Amino acid composition of PVX-P~, PVX-Pf, PVX-Ptd and PVX-Pu
The amino acid compositions of PVX-P,, PVX-P~, PVX-Ptd and PVX-P, are given in Table ~ . The amino acid composition and tool. wt. of PVX-P~ and PVX-Ptd are in good agreement with the data of Tung & Knight 0972). To obtain the amino acid composition of cleaved peptides, the relative molar ratios of amino acids in PVX-P~d, PVX-Pf or PVX-P, are subtracted from that of PVX-P~ (Table I ). The composition of the peptide cleaved from PVX-P~ by trypsin is similar to that obtained by Tung & Knight (I972) and differs slightly from that obtained by Tremaine & Agrawal (1972) . The composition and number of amino acids of the peptide(s) cleaved from PVX-P, by rd protease differs from that cleaved by trypsin. However, both peptides have a high threonine and serine content and therefore are probably derived from the N-terminus of PVX-P~.
We could not obtain a PVX preparation containing only PVX-P~. However, calculations in Table I indicate that PVX-P,, which was obtained by the combined action of trypsin and ri protease, had 4o amino acid residues less than PVX-P~. The composition of these 4o residues is similar to the combined composition of the peptides of 24 and 22 residues that Tung & Knight (i972) cleaved from PVX by trypsin and an ri protease. PVX'Ps PVX-Ptd PVX-P~ PVX-Pu PVX-Ptd PVX-P~ PVX-Pu lO'3 9"1 9"7 8"4 1-2 0.6 1-9 2 " I 2 " 0 2 " 2 2 " 0 ------8'9 9"I 8-8 7"5 ----1"4 24"I 22"8 24"I 20'8 1"3 --3'3 30"6 22"9 24"0 22"3 7"7 6"6 8"3 17"4 I3"3 13'8 12.8 4'I 3'6 4"6 20"8 I9' 5 20. 9 I7"2 1'3 --3"6 I8"6 I7'4 18"3 16"5 I'2 0'3 2"I I3"2 I2'3 13"4 IO'5 0"9 --2"7 44'2 4I"1 43"6 36"9 3"1 0"6 7"3 2"1 2"0 1"9 1'8 ------14"3 13"5 14"3 12'9 0'8 --1.4 7"0 6"7 7"0 6-8 ------1I-6 lO'9 11"7 9"9 0"7 --I'7 lO"4 9"3 1o"4 9"8 t Averaged from two analyses of each of 24-a n d 72-h hydrolysates. Ratios were adiusted to yield a value of 2"I for tyrosine.
;~ Determined as cysteic acid. 
Cyanogen bromide (CNBr) cleavage products of PVX-Po, PVX-P~a and PVX-P~
The patterns obtained on gel electrophoresis of the CNBr cleavage products of PVX-P, PVX-P,d and PVX-P~ are shown in Fig. I . At least five peptides show as well-stained bands and these are labelled I to 5 in order of increasing mobility. Peptide I is found only with PVX-P~ and peptide 2 is found only with PVX-Ptd. The peptide pattern of PVX-P~ (Fig. 1) is similar to that of PVX-Ptd except that most preparations of CNBr-cleaved PVX-Pf were found to contain two peptides at the position of peptide 2. The positions of peptides I, 3 and 4 in gels of different concentrations indicated that these peptides were separated mainly on the basis of charge and not size.
The amino acid compositions of peptide I and peptide 2 (Table 2) are based on the assumption of two lysine residues in peptide I and one lysine residue in peptide 2. Subtraction of the amino acid composition of peptide 2 from that of peptide I yields a product (Table 2) with a composition similar to that calculated for the N-terminal tryptic peptide cleaved from PVX-P8 (Table I ). This indicates that CNBr peptide I is positioned at the N-terminus of PVX protein, because this is the site of trypsin action.
DISCUSSION
Similar amino acid compositions to those found in the present paper have been published by several authors for the undegraded capsid protein of PVX (Shaw, Reichmann & Hatt, I962; Miki & Knight, 1968; Tremaine & Agrawal, 1972; Tung & Knight, 1972; Goodman, 1975) . This suggests that differences in the mol. wt. calculated for the undegraded and also for some degraded forms of PVX protein in different laboratories by SDS-PAGE are probably due to the use of different electrophoretic conditions and different marker proteins, and, in the case of PVX-P~ and PVX-P~, to an anomalous electrophoretic behaviour of their SDScomplexes.
The results of our experiments are interpreted in schematic diagrams (Fig. 2) showing the undegraded and degraded PVX proteins and the cleavage sites of trypsin, rd protease, ri Table L The amino acid compositions of CNBr peptides I and 2 are given in Table 2 . Peptides x and y were detected by Tung & Knight (t972).
----c protease and cyanogen bromide. The diagram of PVX-Ptd shows the cleavage of PVX-Ps at a lysine residue near the N-terminus. The cleaved tryptic peptide has a composition (Table I) similar to the tryptic peptide cleaved from the N-terminus of PVX protein (Tung & Knight, i97a; Tremaine & Agrawal, I97Z) . The diagrams show CNBr peptide I and peptide z at the N-termini of PVX-Ps and PVX-Ptd, respectively. The CNBr peptide patterns of these two proteins (Fig. I ) and the composition and size of CNBr I and CNBr 2 (Table 2 ) support this positioning. The similar amino acid compositions obtained with PVX-P~ and PVX-P~d (Table I) indicate that the action of rd protease is similar to that of trypsin. However, a comparison of the CNBr peptide patterns of PVX-P~ and PVX-P~a (Fig. I) indicates that PVX-P, is heterogeneous. This is also indicated by the fact that the values for the relative molar ratios of amino acids calculated for PVX-P~ minus PVX-P~ (Table I) are far from being integers. The value of 0.6 for lysine suggests that a portion of PVX-P, still contains this amino acid, whereas the rest does not. There is apparently more than one cleavage site with rd protease (Fig. z) . The protein, PVX-P~, is probably identical to the 'plant protease degraded -PVX protein' of Tung & Knight 0972) which moves similarly in SDS-PAGE. This protein has the Nterminal tryptic peptide but has at least two peptides, x and y, cleaved from the C-terminus (Tung & Knight, 1972) . We were unable to isolate PVX-Pi in pure form but found that it could be degraded into PVX-P, by trypsin. Our diagrams (Fig. 2) show that PVX-Pu is derived from PVX-PI by the loss of the N-terminal tryptic peptide. This proposal is supported by the similarity in the amino acids cleaved from PVX-P, and the sum of the amino acids cleaved from PVX by trypsin and by plant protease calculated from the data of Tung & Knight (I972). Tung & Knight (~972) would have obtained a degraded PVX protein similar to PVX-P, by the addition of trypsin to a preparation containing ri protease. The capsid protein in intact PVX can thus apparently be degraded from the N-terminus as well as from the C-terminus by different proteases. The data of Paul (1974) indicate that different strains of PVX may differ in their susceptibility to these degrading enzymes. 
